Abstract Cardiac myosin-binding protein C is a key regulator of cardiac contractility and is capable of both activating the thin filament to initiate actomyosin motion generation and governing maximal sliding velocities. While MyBP-C's C terminus localizes the molecule within the sarcomere, the N terminus appears to confer regulatory function by binding to the myosin motor domain and/or actin. Literature pertaining to how MyBP-C binding to the myosin motor domain and or actin leads to MyBP-C's dual modulatory roles that can impact actomyosin interactions are discussed.
Introduction
The heart's ability to pump blood results from the beat-to-beat contraction and relaxation of sarcomeres, the smallest cardiac contractile unit. Sarcomere shortening is mechanically driven by the calcium-regulated sliding of parallel arrays of actincontaining thin filaments past myosin-containing thick filaments (Fig. 1a) . Actomyosin force and motion generation is modulated by cardiac myosin-binding protein C (MyBP-C), a 140-kDa immunoglobulin (Ig) protein superfamily member (Fig. 1b) . The functional importance of MyBP-C is emphasized by mutations in MyBP-C's cardiac-specific gene (MYBPC3) being the second leading cause of familial hypertrophic cardiomyopathy (for review, see [16] ). However, the molecular mechanism by which MyBP-C modulates actomyosin function is not well understood.
Cardiac MyBP-C consists of a series of eight C2-type immunoglobulin and three type-III fibronectin domains connected by linkers of varying length and flexibility (Fig. 1b) . MyBP-C is specifically localized to two regions (C-zones) of the thick filament (Fig. 1a) through high-affinity interactions between MyBP-C's C-terminal domains and the thick filament backbone [11] . MyBP-C's N-terminal domains extend radially from the thick filament [33, 36, 56] and are believed to modulate actomyosin contractile function by reversible binding to myosin's motor domain and/or actin ( Fig. 2b-f) . Specifically, MyBP-C's N terminus can activate actomyosin force generation [18, 29] and thin filament sliding at low calcium concentrations [49] while inhibiting the maximal sliding velocity of fully calcium-activated thin filaments [49] as illustrated in Fig. 2a . With two potential binding partners (i.e., myosin and actin), are MyBP-C's functional roles in activation and inhibition of actomyosin contractility the result of two independent mechanisms associated with a given binding partner? Although in vitro experiments confirm cardiac MyBP-C's N-terminal domains interact with both the myosin motor domain and actin (Fig. 1b) , the functional relevance of each binding partner is still vigorously debated [46, 50] and will be the focus of this review, with unresolved issues in the literature highlighted in italics.
Cardiac-specific MyBP-C structure and phosphorylation
Although MyBP-C is found in both skeletal and cardiac muscles, the cardiac isoform has several unique structural features that may be critical to its molecular function. The first is the presence of C0, an N-terminal Ig domain that is absent in both fast and slow skeletal muscle isoforms. The second is the presence of cardiac-specific residues within the ∼100-amino acid linker connecting C1 and C2, termed the M-domain or MyBP-C motif [13] . Within the M-domain, four phosphorylatable serines are specific substrates for multiple kinases, such as PKA, PKC, PKD, and CaMKII (see review [4] ). In human cardiac MyBP-C, a serine within the prolinealanine-rich linker between C0 and C1 can also be phosphorylated by GSK3β [30] , and additional potential phosphorylation sites have also been located throughout the molecule [26] . The third cardiac-specific structure is a 28-amino acid insert in the cardiac C5 Ig domain [21] with as yet unknown function.
Both the proline-alanine-rich linker and M-domain are largely unstructured, although the M-domain has three short α-helices near the C terminus [20] . The M-domain adopts a globular conformation in solution [23] but is freely extensible under low tensile forces applied using atomic force microscopy [24, 35] . Phosphorylation of the four serines within the mouse cardiac M-domain stabilizes this globular conformation [35] and may increase α-helical content within the domain [20, 35] . Interestingly, these serines are highly phosphorylated in healthy mouse and human hearts but dephosphorylated during cardiac disease [10, 22, 52] . This suggests that high levels of phosphorylation and its associated stabilized structure are required for normal cardiac function, but whether Mdomain dephosphorylation leads to contractile dysfunction and heart failure or is a consequence of heart failure has yet to be determined. In addition, with multiple phosphorylation sites within the M-domain, can the M-domain structural stability be graded with the number of phosphorylated sites, thus adding a measure of tunability in response to external stimuli?
MyBP-C binds both myosin and actin
MyBP-C is anchored to the thick filament backbone through C-terminal domain (C8-C10) interactions with myosin rods and titin [11, 12, 42] . The seven to nine MyBP-C stripes that identify MyBP-C's location within the C-zone are associated with MyBP-C's C8-C10 domains interacting with the 11-domain super-repeat region of titin [12] . These interactions position three molecules of MyBP-C every 42.9 nm, i.e., the Representative thin filament motility-pCa (−log calcium concentration) plots for regulated thin filaments sliding over myosin in the absence of MyBP-C (black) and presence of N-terminal fragments including domains C1-C2 (red). Phosphorylation within the M-domain presumably has the ability to alter both the activating and inhibitory effects of MyBP-C. b, c Potential interactions between MyBP-C's Nterminal domains with the myosin motor domain or actin when troponin is saturated with calcium inhibiting maximal velocity. d In the absence of calcium or MyBP-C, tropomyosin blocks the myosin binding sites on the thin filament preventing motion. e, f Potential interactions between MyBP-C's N-terminal domains with the myosin motor domain or actin in the absence of calcium activating thin filaments distance between C-zone stripes [32] . Yeast two-hybrid binding assays suggest that these three MyBP-C molecules form a trimeric collar around the thick filament through intramolecular contacts between C5 on one MyBP-C molecule and the C8 domain of a neighboring molecule [36] . However, at least three MyBP-C domains appear to run axially along both mouse [64] and human [3] native thick filaments, as visualized by electron microscopy, in support of a previously proposed axial arrangement for MyBP-C [56] . Although the arrangement of MyBP-C molecules at each stripe remains unresolved, the presence of MyBP-C increases thick filament flexural rigidity [40] and the stiffness of the myofilament lattice [44, 45] .
While MyBP-C's C terminus anchors the molecule to the thick filament backbone and appears to play structural and mechanical roles, what role does MyBP-C' s N terminus play in modulating actomyosin contractile function? After the initial discovery that skeletal MyBP-C was co-purified in myosin preparations [41] , its ability to bind myosin's proteolytic HMM and S2 subfragments [57] as well as actin in vitro was demonstrated [37, 38] . However, the specific MyBP-C domains responsible for actin and myosin binding were unknown. Studies using human cardiac MyBP-C N-terminal fragments demonstrate that domains encompassing C1 through C2 can bind to myosin S2 [1, 2, 14] , with binding abolished by phosphorylation within the M-domain [15] . In addition, the C0 domain can bind to the myosin regulatory light chain [48] . These myosin binding data contributed to an early model in which MyBP-C's N terminus acts as a tether between the myosin motor domain and the thick filament rod to modulate myosin function. In support of this model, X-ray data suggest that MyBP-C maintains the myosin motor domain near the thick filament backbone when the muscle is relaxed [7] . MyBP-C phosphorylation and its resultant diminished myosin S2 binding would release the motor domain and thus allow its center of mass to approach the thin filament [8, 31, 60] . However, the same MyBP-C N-terminal domains that bind the myosin motor domain can also bind F-actin, suggesting that actin binding may also play a mechanistic role in regulating actomyosin function.
While binding assays show that C0 alone can bind actin [28] , structural data using small-angle X-ray scattering and electron microscopy to visualize F-actin decorated with various expressed C0 through C3 N-terminal fragments show that these N-terminal domains can bind to actin's subdomain 1 in a stereospecific manner [25, 39, 43, 63] . A direct measure of MyBP-C actin binding was observed at the single-molecule level, as expressed mouse C0-C1 fragments were capable of reversibly binding to an F-actin filament in the laser trap assay [61] . Moreover, addition of the first 17 amino acids of the Mdomain to the C0-C1 fragment (C0-C1f) allowed for stereospecific binding, which was ablated by substituting alanines for the three arginines within these 17 amino acids [61] . This finding suggests that at least one binding site exists within C0-C1 and another within the M-domain [53] . Interestingly, Mdomain phosphorylation diminishes MyBP-C's N-terminal binding to F-actin as is the case for myosin binding [5, 53, 61] . If phosphorylation affects M-domain structure and/or stability, does phosphorylation in effect limit myosin and actin binding site accessibility and can this accessibility be graded by the extent of M-domain phosphorylation?
Are the sites of MyBP-C N-terminal binding to myosin and actin distinct? To complicate matters, a recent yeast twohybrid assay highlighted the presence of multiple N-terminal binding sites for both myosin S2 and actin within the C1 and M-domains [6] . These sites were associated with clusters of positively charged amino acids, suggesting electrostatic interactions between MyBP-C's N terminus and both myosin S2 and actin [6] and that these sites may overlap in terms of myosin S2 and actin binding. For example, substitution of alanines for arginines within the first N-terminal 17 amino acids of the mouse M-domain, as mentioned above, ablates stereospecific actin binding in the laser trap assay [61] , decreases C1-C2/actin co-sedimentation [5] , but also reduces myosin S2 binding in the yeast two-hybrid assays [6] . In addition, recent reports challenge the specificity of MyBP-C N-terminal binding to F-actin demonstrating that C-terminal domains can also bind actin [9, 50] . These conflicting results raise uncertainty concerning the specific domains and residues involved with myosin motor domain and actin binding.
In vitro model systems of cardiac contractility
Our understanding of MyBP-C's capacity to modulate cardiac contractility has benefited tremendously from intact heart and muscle fiber studies. However, these multicellular preparations make molecular-level interpretations difficult. Although solution studies in vitro are far simpler, they lack the spatial relations between the thick and thin filaments that exist in vivo. Thus, we recently developed a single fluorescent particle assay to visualize ∼250-nm shards of fluorescently labeled actin filaments sliding along native mouse cardiac thick filaments [47] . These native thick filaments contained MyBP-C in its endogenous stoichiometry and location, i.e., the C-zone. As an actin shard landed near the tip of the thick filament that is devoid of MyBP-C, it was propelled by the myosin heads toward the C-zone (Fig. 1a) at which point the actin's sliding velocity was reduced ∼2-fold [47] . This localized slowing indicates that MyBP-C inhibits actomyosin interactions where it exists within the thick filament rather than propagating its effect through the thick filament backbone. The slowing of actin was attributed to the first 29 kDa of the N terminus (C0-C1f: C0-C1 plus 17 amino acids of the Mdomain) as proteolytic removal of this domain prevented MyBP-C's inhibition of velocity on the thick filament. In parallel experiments, the addition of the expressed 29-kDa fragment (C0-C1f) in the motility assay was sufficient to inhibit the maximal sliding velocity of F-actin sliding over a surface of randomly oriented myosin molecules [47, 61] . This finding suggests that the inhibition of actin velocity previously observed in the motility assay using expressed C0-C2, C1-C2, and C0-C3 [49, 61, 62] must be due to the C1 domain and the first 17 residues of the M-domain, since C0-C1 was incapable of inhibiting actin velocity [49, 61] . Through which binding partner, i.e., myosin and/or actin, and how these N-terminal fragments inhibit velocity is still unanswered? For example, MyBP-C's N-terminal domains binding to myosin's motor domain may alter myosin's detachment rate from the actin filament, thus slowing velocity (Fig. 2b) , independent of a tether between MyBP-C's C-terminal domains and the thick filament backbone [17, 29, 49, 51, 54] . However, actin binding as evidenced by N-terminal interactions with actin in the laser trap assay [61] may also create an internal load slowing actomyosin-generated motion (Fig. 2c) . Therefore, direct experimental evidence using expressed fragments that are only capable of interacting with a single binding partner may be required to provide unequivocal evidence for MyBP-C Nterminal binding to the myosin motor domain or actin as being the basis for MyBP-C' s mechanical mechanism.
With MyBP-C's N-terminal binding to either myosin or actin, the potential exists that MyBP-C can modulate thin filament activation, as observed in fiber studies where chemical extraction or genetic mutagenesis of MyBP-C resulted in shifts in the calcium sensitivity of force production [19, 27] . Deciphering the molecular mechanism by which MyBP-C can affect thin filament activation by calcium lends itself to the use of the in vitro motility assay. Using thin filaments, i.e., actin filaments decorated with the calcium regulatory proteins, troponin and tropomyosin, one observes sigmoidal calciumdependant increases in both the sliding velocity and fraction of motile filaments between ∼100 nM and 10 μM calcium (Fig. 2a) . At <100 nM calcium, where little to no thin filament motion is expected (Fig. 2a, black line) , the presence of whole MyBP-C [51, 55] or N-terminal fragments including at least the C1 and M-domains [49] activates the thin filament in a concentration-dependant manner at submaximal activating levels of calcium (Fig. 2a, red line) . As calcium and velocity increase, the inhibitory effect of MyBP-C again limits the sliding velocity (Fig. 2a, red line) . Therefore, MyBP-C can both activate the thin filament at low calcium and inhibit actin filament velocity at high calcium, effects of which should contribute to MyBP-C's capacity to modulate cardiac contractility.
A widely accepted model of thin filament activation [34, 59] suggests that in the absence of calcium, troponin and tropomyosin "block" myosin binding to actin's subdomain 1 (Fig. 2d) . Upon calcium binding to troponin, tropomyosin moves azimuthally to a "closed" position that partially exposes myosin binding sites on the thin filament so that myosin can weakly bind. Then upon myosin's transition from the weakly to the strongly bound state, myosin physically moves tropomyosin into its "open" position, allowing additional myosin molecules to freely bind within the span of a single regulatory unit. Therefore, thin filament activation by MyBP-C binding to actin could occur if MyBP-C's N terminus acts as a molecular wedge to pin tropomyosin away from subdomain 1 (Fig. 2f) and expose adjacent myosin binding sites on the thin filament [39] . Thus, MyBP-C would behave functionally like calcium to act as a parallel system for thin filament activation. But once again, thin filament activation could arise from MyBP-C binding to the myosin motor domain and S2 segment (Fig. 2e) . For example, the addition of C1-C2 fragments to fibers increased calcium sensitivity of force production [5, 17, 29] . Since C1-C2 binds the myosin S1-S2 junction, MyBP-C may limit the rotational freedom of the myosin motor domain in turn increasing myosin's probability of strong binding to actin and/or limiting myosin's detachment rate, thus activating the thin filament as do NEM and rigor myosin [58] .
Summary and future perspectives
The importance of cardiac MyBP-C on contractility is clearly evident from the association between mutations in the human MYBPC3 gene and heart disease. Much progress has been made in understanding MyBP-C molecular function within the sarcomere, but the ability of its N-terminal domains to bind both the myosin motor domain and actin has generated considerable questions regarding its molecular mechanisms. The fact that MyBP-C plays two functional roles in the heart, i.e., revving the contractile engine during the early phase of contraction and then applying the molecular brakes once the sarcomere begins shortening, adds an additional level of mechanistic complexity. However, this also makes MyBP-C an exciting target for therapeutic interventions in disease.
